Femtosecond laser photo-polymerization of zirconium-silicon based sol-gel photopolymer SZ2080 is used to fabricate micro-optical elements with a single and hybrid optical functions. We demonstrate photo-polymerization of the solid immersion and Fresnel lenses. Gratings can be added onto the surface of lenses. The effective refractive index of polymerized structures can be controlled via the volume fraction of polymer. We used woodpile structure with volume fraction of 0.65-0.8. Tailoring of dispersion properties of micro-optical elements by changing filling ratio of polymer are discussed. Direct write approach is used to form such structures on a cover glass and on the tip of an optical fiber. Close matching of refractive indices between the polymer and substrate in visible and near infra red spectral regions (n SZ2080 = 1.504, n glass = 1.52) is favorable for such integration. The surface roughness of laser-polymerized resits was ∼30 nm (min-max value), which is acceptable for optical applications in the visible range. For the bulk micro-optical elements the efficiency of 3D laser polymerization is increased by a factor ∼ (2 − 4) × 10 2 times (depends on the design) by the shell-formation polymerization: (i) contour scanning for definition of shell-surface, (ii) development for removal of nonfunctional resist, and (iii) UV exposure for the final volumetric polymerization of an enclosed volume.
INTRODUCTION
The basic functions of optical macro-and micro-elements are to provide control over light refraction, diffraction, and dispersion at different wavelengths. As optical elements decreases in size as required for integration into optical, mechanical, and fluidic micro-chips new challenges mount in handling and an optical material processing with high sub-wavelength precision of small micro-optical elements. Also, new methods to control light propagation should be implemented as the large angular changes in light propagation (focusing, diffraction, or collimation) should be realized within a small space on a chip or sensor. After an almost decade long demonstration of three-dimensional (3D) capability of photo-polymerization by femtosecond laser pulses, which resulted in endless examples of micro-objects from micro-animals, buildings, logos, the technology of direct laser writing is matured enough to deliver useful solutions for fabrication of micro-optical elements, 3D bio-medical scaffolds for cell culture and implants, fuel cells, and solar cells.
The feature size of photo-polymerization can be smaller than the diffraction limit for the given focusing conditions due to a threshold response of resist and can be made considerably smaller than the wavelength of laser illumination.
1 Originating from rapid prototyping based μ-stereolithography 2 and non-linear optical microscopy 3 a technique of multi-photon polymerization (MPP) reflecting a nonlinear character of absorption required for a 3D structuring emerged a decade ago. 4 Being a direct writing method it offers the most flexible 3D structuring of photopolymers at micro-and nanoscale. 5, 6 The direct write in polymers is used for fabrication of photonic, 7-11 micro-optical, 12-17 and microfluidic 18, 19 devices. New designs of complex miniaturized and integrated optical and opto-fluidic devices and sensors are sought of. As new photo-materials are synthesized and used for laser polymerization, detailed investigations on damage threshold, resolution improvement, and search for methods to increase fabrication throughput evokes further efforts in controllable and reproducible manufacturing of optical components.
To create high quality micro-optical components the photopolymer's properties are playing an important role. Hybrid organic-inorganic materials are expected to dominate this field since they ensure high structuring quality, small achievable feature size, are transparent to visible part of spectrum, their refractive index can be tuned in order to match the required value. 16, 20, 21 Additionally, these materials can be doped with quantum dots,
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non-linear chromophores 23 or organic dyes, 24-26 thus further increase their functionality. Low shrinkage of the hybrid resists is favorable for fabrication of micro-optical devices and photonic crystals over larger areas with cross sections above 100 μm without peeling of at the edges. This is due to the fact that the strain, ε = Δl l , for a small lateral shrinkage length Δl over length l would cause the force defined by Hooke's law F = εY and predicts a strong deformation of material with a lower Young modulus, Y , on the polymer-substrate boundary. This is a primary cause of detachment at the periphery of polymerized structures with larger cross-section. SZ2080 structures are prone to a lesser extent to such failure. Also, silica and zirconia glassy structure of polymer makes it compatible with glass substrate for micro-fluidic applications where surface should be hydrophilic.
In this work we show examples of possible hybridization of optical functions into one design of an optical element. This would allow for new light processing within a micro-chip. The refractive index as well as mechanical properties of the photo-polymerized structures can be controlled by changing the volume fraction of the polymerized volume. This also opens new avenues to tailor surface-to-volume ratio of fabricated structures and can be used in sensor and light harvesting applications. The direct write fabrication routine is made faster by a factor of ∼ 2 × 10 2 (depends on design of an optical element) applying, first, a shell-surface polymerization which separates an internal volume of the optical element from the rest of the resist, secondly development and removal of the non-functional resist, and, finally, an uniform UV exposure to homogenize and solidify the element.
SAMPLES AND METHODS

Materials
We used a commercial hybrid organic-inorganic Zr containing negative photopolymer SZ2080
27 (FORTH, Greece). This resist consists of 20% of zirconia and 80% of polymer forming methacryl-oxypropyl-trimethoxy-silane (MAPTMS, Polysciences Inc.) and methacrylic acid (MAA, Sigma-Aldrich) both having photo-polymerizable methacrylate moieties 28 with different photoinitiators Irgacure 369 (2-Benzyl-2-dimethylamino-1-(4-morpholinophenyl)-butanone-1) and Michler's ketone (4,4'-bis(dimethylamino)benzophenone); referred to as Irg. and Bis., respectively. Detailed description of resist preparation is given in ref. 28 Samples were prepared by dropcasting over a cover glass with subsequent annealing at 100
• C for 1-2 h without a post-exposure bake. Figure 3 shows an example of photoluminescence excitation (PLE) spectra of the SZ2080 resist with Irg. photo-sensitizer. Most of lenses shown in this work are made using SZ2080 with Bis. (if not specified otherwise) as it has stronger overall (linear and nonlinear) absorption at the used 800 nm irradiation which is beneficial for efficient fabrication of large surface and volume structures (partly at the expense of reduced resolution). It is noteworthy, that by changing concentration of the photo-initiator within 0.5-2.5 wt.% the required photo-sensitivity of the resist can be flexibly tuned to the requirements of fabrication. More details on optical properties of the used photo-resists and the mechanisms of there structuring by fs-laser pulses can be found elsewhere.
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Complex and geometrically discontinuous shapes can be formed as the scanning trajectory of a laser beam focus can be freely chosen and moved with no restrictions. As long as the solubility properties of the solidified and gel state resist are different, the non-polymerized material can be washed away to leave the free-standing structures attached to the substrate. The 4-methyl-2-pentanone (isobutylmethyl ketone) mixed with isopropanol in equal quantities was used as a developer. All chemicals were obtained from Sigma-Aldrich Co. and used directly with no further purification. SZ2080 is known to have low shrinkage and sustain high structural rigidity as well as refractive index is almost matching the one of the glass in visible spectral range (n SZ2080 = 1.504, n Glass = 1.52). 21 This makes this material highly suitable for fabrication of micro-optical and integrated structures.
Femtosecond formation of 3D micro-optics
Fabrication system is shown in Fig. 1a . A 100 × magnification objective lens of numerical aperture NA = 1.4 was used (SplanApo, Olympus) in all experiments. The positioning system consists of three stacked micrometer step-motor stages (Standa) and a piezo nano-positioning stage (Nanocube, Physik Instrumente) mounted over. The step-motor stages are used to increase fabrication field were the structures will be localized on the substrate while the piezo stage ensures precise fabrication of the microstructure. The exposure time is controlled by a home-made mechanical shutter with a response time of 5 ms which was adequate for the implemented designs. Wide-field transmission imaging is used to monitor the processing in real time. An optical contrast arises from the different densities and hence indices of refraction upon polymerization. A microscope is built by assembling its main components: a source of red light provided by LED, a CMOS (mvBlueFOX-M102G, Matrix Vision) camera, a video monitor, and the beam delivery optics. The ability to image the sample while performing structuring is an important feature for a successful fabrication process. It is of outmost importance to anchor the microstructures to the substrates to withstand washing step of the unsolidified resin due to capillary force.
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When required by design, the polymerized regions can be re-exposed as beam is overlayed with the already fabricated region since the polymerized material is still highly transparent to IR laser light. The diameter d and height l of single photo-polymerized volume pixels (voxels) can be controlled by precisely adjusting laser power, exposure time, and focusing optics. 31, 32 This allowed to create mechanically strong enough enclosure shell and form surface with unexposed regions inside the optical element for further processing steps schematically depicted in Fig. 1b and focal length 200 μm at raster scanning with 200 nm overlap between voxels is 880 min, but shell-exposure (Fig. 1b) only ∼ 2.6 min is required. Moreover, further optimization is possible if a Fresnel lens design is adopted as the volume of optical element is reduced.
Femtosecond laser light source is a Yb:KGW solid-state laser Pharos (Light Conversion) operating at 1030 nm wavelength with 300 fs pulses. An 100 nm spatial overlap of neighboring pulses corresponding to a scan speed is 100 μm/s. A spherical aberration due to refractive index mismatch between immersion oil (n = 1.515) and cover glass substrate is negligible and a spherical aberration-free structuring conditions exist for the focusing depths up to ∼ 30 μm. 33 We also used a femtosecond mode-locked Ti:Sapphire (Spectra Physics) laser emitting 80 fs pulses at repetition rate of 80 MHz and having a central wavelength fixed at 800 nm. At high laser power of 24 mW (at the monitoring point as shown in Fig. 1 ), a polymerization of the entire micro-lens volume is achieved when a height of the lens dome is less than the axial length of the voxel for the 100 μm/s scan speed. At a 12 mW power, the inner volume of the micro-lens contains an unpolymerized resist. The minimum successful fabrication laser power was 10 mW, while for the lower powers the shell was mechanically unstable and was always damaged during development. A large fs-laser repetition rate increase efficiency of overall fs-writing step, however, more stringent requirements for control of shutter, stage movement, acceleration and deceleration, pulse overlap and over-exposure become apparent. It is noteworthy, that at tens-of-MHz repetition rate thermal accumulation become significant and can be well exploited for efficient polymerization which proceeds via nonlinear absorption and avalanche 29 in the case of low repetition rate.
Optical and surface inspection
The focal length of fabricated lenses is from several tens to hundreds of micrometers. For measuring such small focal distances we used a microscope setup mounted on a micrometer step-motor with step size of 2.5 μm (Standa) as shown in Fig. 2a . As stage moves, the focal plane of the microscope scans through the focus of the fabricated micro-lens, which is illuminated by a collimated light from a light emitting diode (LED) and an image of the light distribution is captured on a CCD camera. The images are analyzed by fitting a Gaussian function to the acquired light distribution. The width of the Gaussian is evaluated, thus the smallest indicating the focal position of the lens. The same approach is used for fiber-integrated micro-lenses (Fig. 2b) .
We fabricate spherical lenses with different radius of curvature and therefore different focal length. The glass surface was considered as the reference surface for the focal distance measurement by the experiment described above and applying thickness of the lens (production parameter) as an offset. For a validation test spherical lenses were fabricated and compliance with the expected focal length which should be twice the radius of curvature was performed.
Optical profilometer (PLμ2300, Sensofar) and atomic force microscopy (AFM: Dimension 3100, Digital Instruments) were used to characterize geometry of the surface, its nano-structure and roughness. Scanning electron microscopy (SEM) was used for sample inspection. Photoluminescence (PL) and its excitation (PLE) spectra were employed for characterization of resist. Figure 5 shows AFM profiles of a photo-polymerized grating. Grating period, Λ, has been chosen to be smaller than the wavelength λ = 800 nm of fs-laser irradiation. The grating structure has approximately 140 nm depth. The grating is recorded by a single scan at the height augmented by 50 nm above the polymerized surface. Laser beam has an approximate diameter of 2r = 1.22λ/N A 697 nm for the employed focusing conditions. The retrieved grating with period comparable with the focal spot size is fabricated (see, Fig. 5(d) ). Such surface relief patterns with feature sizes close to 100 nm are prospective for optical designs where near-field effects are exploited, e.g., for plasmonic applications.
RESULTS AND DISCUSSION
Single optical elements: grating and lenses
The surface roughness average across the polymerized surface is typically ∼ 30 ± 3 nm (Fig. 5) , which is already in the range of a tenth of an optical wavelength in the visible spectral range. The roughness of ∼5 nm is due to the minimal clusters formed during fabrication and development process. Such roughness is acceptable for optical devices such as gratings and micro-lenses.
In order to minimize structural distortions of photo-polymerized optical elements and to make fabrication sequence fast and practical, the amount of volume which should be exposed using a direct write approach should be minimized. Function of a volumetric micro-lens 15 can be realized by a micro-Fresnel lens (Fig. 6 ) which occupies a smaller volume and, hence, has advantages for integration into micro-electro-mechanical systems MEMS and their optical counterparts MOEMS or micro-fluidic chips. The used shell-formation approach without lengthy raster-scanning of entire volume (Fig. 1a) serves this purpose. The entire laser exposure process of microlens is reduced by a factor of f c 880/2.62 = 335 as described in Sec. 2.2.
Solid immersion lenses (SIL) are spherical plano-convex lenses that can be used to increase the numerical aperture, as well as the magnification of a microscope objective. 34 SILs offers advantageous possibilities for microscopic and spectroscopic applications, especially when liquid immersion techniques with water or oil can not be used, e.g., at temperatures below the solidification temperature of the liquid immersion medium. SILs increase the numerical aperture of an imaging system in two different ways. Firstly, The NA depends linearly on the refractive index n SIL . SILs that have a half-sphere geometry rely on this effect, refraction on the surface is kept minimal as the incident angle on the lens is nearly 90
• degrees. The optical path length inside the medium is also constant, so chromatic aberration is minimal. The second way to increase the NA is by using the refraction on the surface of the SIL to increase the opening angle. Typically a Weierstrass-sphere geometry (a sphere of radius R with refractive index n SIL truncated to a thickness T of T = R + R/n SIL ) is applied as it does not introduce additional spherical aberrations into the optical system. 35 Because this geometry uses both effects the increase of the numerical aperture is greater than the one of the half-sphere SIL and NA ∝ n 2 SIL . The second effect that solid immersion lenses have on optical imaging is the increase in magnification. It depends on the refractive index n SIL of the lens, its radius of curvature R and its center thickness T :
For a hemispherical SIL when T = R the numerical aperture as well as the magnification is increased by a factor of n SIL , the refractive index of the lens material. For a Weierstrass-sphere SIL the increment factor equals n 2 SIL as follows from eqn. 1. Figure 7 shows the design and performance of the polymerized Weierstrass-sphere type SIL. SIL is made by only polymerizing the top part of the lens (see, inset in Fig. 7a) . A combination of the cap and glass-substrate functions as a SIL is due to a good matching of the refractive indexes between the SZ2080 polymer (1.504) and the the cover glass (n = 1.52). The curvature radius of a Weierstrass-sphere SILs is 92 μm, the thickness of the glass substrate is 144 ± 1 μm. The manufactured polymer cap has a center height of about 12 μm and a diameter of 93 μm. We measured the focal length of the microlens to be 175 ± 3 μm using setup shown in Fig. 2 . SIL is used to image a line grating (10 μm linewidth) with an ordinary microscope as shown in (Fig. 7c) . The magnification of SIL is calculated to be M = 2.4 ± 0.1 which is to the expected value of M = n 2 SIL 2.3.
Hybrid micro-optical elements
Many different methods are used to fabricate refractive and diffractive micro-optics, 36 , 37 yet there is still an outstanding issue to manufacture hybrid components in a single step procedure. The direct writing polymerization offers unmatched flexibility in production of bi-functional (and multi-functional) refractive-diffractive micro-optical devices, e.g., micro-lens with a phase grating on it can be manufactured directly (Fig. 8) as well as array of micro-lenses having differently oriented gratings (Fig. 9) . Figure 10 shows examples of prisms (a) and an optical vortex generating grating (b), whose volume fraction of polymer is reduced by approximately 20% as compared with fully polymerized volume. A required 2π phase change over a single period of the grating can be achieved by a settle tuning of the volume fraction rather than the height change (or could both methods combined).
Light beam propagating through hybrid micro-optical element (Fig. 9) is focused by the spherical profile shape and diffracted due to the periodic lines on the surface. Zero to fourth order diffraction maxima were observed. In optical elements arrays diffraction gratings of neighboring lenses can be formed at a varying angle. This allows different light flow control variants to be achieved. 
Integrated micro-optical elements
There has been already shown that micro-optics on top of the fibers can increase their coupling or splicing efficiencies, 38 yet the task to manufacture desired micro-optical component on top of the fiber is not an easy one, starting from the precise positioning and centering the fiber. Figure 11 (a,b) shows a lens structure photo-polymerized on the tip of an optical fiber by direct laser write. The lens is functional as qualitatively illustrated in Fig. 12 . By using setup shown in Fig. 1a , mounting and processing of fiber tip is a simple procedure. The tip of the fiber was dip coated by the resist before laser polymerization. Figure 11 (c) illustrates a possibility to form a grating structure on a freshly broken and unpolished surface of the fiber tip.
Movable structures for micro-fluidics
Photonic crystal (PhC) templates can be polymerized by direct laser write in SZ2080 without attachment to the substrate as we reported earlier.
19, 40 * Such structures can be pushed and pulled by laser tweezers inside the cage enclosure in which they were fabricated despite a large approximately 50 μm footprint of the PhC template. For manipulation by laser tweezers at 1064 nm wavelength, the polymerized structures were immersed in water between cover glasses as schematically shown in Fig. 13(a) . Figure 13 (b,c) shows a peculiar imaging through a 3D photonic crystal structure. As the imaging plane moves from the entrance cover glass into the liquid one can recognize imaging of the front surface on the structure (as shown in (b)) and it is possible to make an image of the cage cap through the 3D structure (c) as focus is placed * The photo-initiator was Irg. not Bis. as stated in ref. further into the liquid. Note, the cage cap is out of image plane for the light which is not passing through the polymerized free-floating 3D structure. This is a direct evidence of the possibility to tailor dispersion via 3D structuring and control of volume fraction of the polymer. The 3D structure has slightly different refractive index causing dispersion of propagating light and, hence, a relay of the image plane. This can find applications in micro-fluidics and microscopy.
CONCLUSIONS
Formation of single and hybrid refractive-diffractive elements by fs-laser polymerization is demonstrated using a fast and practical combination of shell-formation and UV homogenization procedures. Such processing sequence speeds up the laser exposure by a factor ∼ 10 2 . The refractive index matching between cover glass and SZ2080 is used to form functional SIL lens by cap-polymerization. The imaging magnification increase by ∼ 2.4 times, as expected for a fully formed SIL, is experimentally demonstrated. Arrays of such SIL lenses can be formed on cover glass or outside walls of micro-fluidic chambers and used for laser trapping.
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Integration of grating and lens on the tip of optical fiber is demonstrated. The presented examples of single micro-optical elements, possibility to make optical elements with combined functions and their integration into fiber optical elements adds new functionalities in the fields of opto-mechanics, opto-fluidics, and sensors.
By controlling volume fraction of the polymer, the effective refractive index of the polymerized structure can be tuned. Hence the same micro-optical elements would acquire different optical properties (refraction, focusing, and diffraction) in different fluids. In order to retrieve photo-polymerized structures with polymer fraction less than 0.5, as required for the photonic crystal templates, a critical point drying systems should be employed.
